. Biosynthesis of these compounds is achieved by repetitive condensations of simple carboxylic-acid monomers, a process that closely parallels fatty-acid synthesis. In contrast to the fatty-acid synthases (FAS), polyketide synthases (PKSs) generate an enormous variety of different products by using a broad palette of both primer and extender units and by varying the degree of processing after each condensation step, as well as controlling the stereochemistry of the reduction of the intermediate P-ketoacyl thioesters. Although the random combination of these basic biochemical reactions could potentially generate complex mixtures of numerous polyketide metabolites, naturally occurring PKSs typically produce a single product or a small group of closely related compounds. The possibility of altering PKSs in a controlled manner to obtain rationally novel analogues of known natural products has generated considerable interest. The understanding of the fundamental molecular recognition properties within these complex catalytic systems is a crucial prerequisite towards achievement of this goal. Some insight into the answers to these questions has come from two recent studies [15, 16] in which the TE enzyme was expressed as part of a bifunctional ACP6-TE protein and assayed against a number of synthetic substrates. Although the enzyme was able to hydrolyze the p-nitrophenyl (pNP) esters of a variety of carboxylic acids, it was unable to cychze long-chain substrates possessing a terminal (0) hydroxyl group. The ability of the enzyme to discriminate between structurally different acyl chains was also probed. Only apparently minor (1.7115fold, depending on assay conditions) kinetic differences were detected among pNP esters of the four diastereomers of Z-methyl-3-hydroxy-pentanoic acid. of which the (Z&3&') stereoisomer was judged to and was active as an independent protein. Its activity was followed a hydrolytic assay using the ;V-acetyl cysteamine (NAC) analog of the natural diketide (10; Figure 4 ) as substrate and Ellman's reagent (5,5'-dithio-Z-nitrobenzoic acid, DTNB) to detect the released free thiol by monitoring the progress of the reaction spectrophotometrically at 412 nm. The NAC thioesters are good mimics of the phosphopantetheine arm of the ACP and serve as surrogates for the natural ACP-bound substrate. To decrease the background absorbance, the assays were carried out in the absence of any thiol reducing agents. The TE domain has two free thiols, whose modification by DTNB did not have any detectable effect on its catalytic activity, as judged by independent control experiments (data not shown).
As for vertebrate fatty-acid synthases [18, 19] , individual modules of DEBS exist as dimers with two independent catalytic centers [ZO] . Indeed, the ACPB-TE didomain protein is also dimeric [Zl] . We therefore investigated the quaternary structure of the recombinant TE polypeptide generated as described above using both gel-filtration and cross-linking experiments. Sephadex 200 gel filtration chromatography showed that the TE domain elutes with an apparent molecular weight of 60 kDa (calculated mass 33 kDa), suggesting that the TE domain exists as a dimer. This was also confirmed by glutaraldehyde cross-linking, which exclusively cross-linked the TE domain to form a dimer (data not shown).
Substrate specificity of the thioesterase Rates for the hydrolysis of various NAG thioester substrates by TE were proportional to protein concentration, indicating that the observed reaction is indeed enzyme catalyzed. As the TE domain had been used in conjunction with several engineered DEBS modules to generate a variety of different cyclic products (Figure 2 ), we wished to probe its ability to discriminate between substrates of different chain length and absolute configuration. Compounds 7-13 were chosen for this study. Diketide 10 is the natural diketide synthesized by DEBS module 1 (Figure l) , whereas diketide 9, its enantiomer, resembles the natural heptaketide substrate of the TE at the a and B positions with respect to both functionality and stereochemistry. Both of the latter substrates had previously been evaluated as the corresponding p-nitrophenolate (pNP) esters in the independent studies of Staunton, Leadlay and coworkers [16] . Thioesters 7 and 8 are the closest mimics of the natural substrate of the TE domain (normally produced by DEBS module 6) that have been evaluated thus far. In addition to possessing the Z-methyl-3-hydroxy functionality, each substrate also carries a secondary hydroxyl group at the C-13 position. (In the natural substrate of the TE, the corresponding hydroxyl group attacks the acyl-enzyme intermediate to form the l+mem-bered macrolactone 6-dEB). Moreover, because the 9-10 pair closely mimics the 7-8 pair, with respect to substitution pattern and stereochemistry, this subset of substrates was expected to cast light on the ability of the TE to recognize chains of differing lengths. Finally, the rates of hydrolysis of triketides 11, 12 and 13 were also measured to assess the relative importance of chain length, functionality and stereochemistry. Figure 4 compares the time course of hydrolysis of compounds 7 through 12 assayed at 1 mM substrate concentration and an enzyme concentration of 13.6 @I. (The buffer composition, enzyme concentration and substrate concentration are comparable with those employed previously to study of the corresponding pNP esters [16] ). Analysis of the results illustrated in Figure 4 revealed several important trends: NAG thioesters such as 8 and 10 with the (ZS,3R)-configuration are hydrolyzed 13-fold and 4-fold slower than the enantiomeric esters 7 and 9, respectively. This observation suggests that the specificity of the TE domain for substrates with the (ZR,3S)-Z-methyl-3-hydroxy substitution pattern and stereochemistry of the natural heptaketide-ACP substrate is significantly greater than originally suggested. Interestingly, when the same stereogenic centers are separated from the critical thioester carbonyl group by an additional trans double bond, as in the triketides 11 and 12, the difference in hydrolytic rates was less pronounced (Z&fold preference for the (4&S)-over the (4R,S.S')-configuration).
Finally, comparison of the hydrolytic rates of 9 and 10 with those of their longer-chain analogs 7 and 8, respectively, suggests that the TE domain has a significant preference for longer-chain substrates. Indeed, the rates of hydrolysis of triketides relative to those of diketides also support this finding. Earlier studies with the myristoyl-ACP-specific TE have also indicated a chain-length dependence for the acyl-ACP cleavage [22] .
More quantitative information concerning TE specificity was obtained by direct measurement of the specificity parameter k,,,/K, for compounds 7-13. These results are shown in Figure 5 , and the calculated rate constants are summarized in Table 1 . Again, the importance of chain length is underscored by a comparison of the specificity constants for 7 and 9, which differ by a factor of 24, and for 8 and lo1 which differ by a factor of 14. Likewise, preference for the CX$ stereochemistry of the natural substrate of the TE domain is clearly illustrated by a 15fold difference in k,,,/K, between 9 and 10, and a 2%fold difference in k,,,/K,, between 7 and 8.
Due to limits in solubility of the NAC-thioesters 7-13 in aqueous buffer, the absolute values of k,,, and K,, could not be measured for every substrate. These values could be estimated for 7 (which is the best substrate among those tested) and 9 (whose solubility was adequately high so as to permit kinetic measurements under substrate-saturating conditions), however. Compound 7 had a K,, -0.8 mM and a L -0.7 min-', whereas the short-chain diketide 9 had a K,, -12.4 mM and a k,,, -0.44 min-I. These results suggest that chain length primarily affects I(,,, whereas the catalytic rate for hydrolysis remains largely unaffected. Using a reasonable kinetic mode1 of TE-mediated hydrolysis in which formation of the Michaelis complex is followed by acylation of the active-site serine and subsequent hydrolysis of the covalent acyl-thioester intermediate, it is evident that the acylation step is the most sensitive to the structure and stereochemistry of the substrate, consistent with the relative variations in k,,,/K,,. When the active site is saturated, the effect on the observed k,., is modulated by the rate of deacylation (hydrolysis), which would appear to be less sensitive to substrate structure, consistent with the smaller observed differences in k,,, among the various WAC-thioester substrates. It is also possible that in the earlier reported studies of TE specificity [16] , some of the In order to investigate the ability of the TE domain to act as a cyclase, preparative incubations were carried out with substrates 7 and 8. Because previous studies had failed to observe TE-catalyzed lactonization of substrates containing primary (0) hydroxyl groups, we chose to focus instead on substrates possessing secondary hydroxyl groups at C13. Notably, the known macrolactone product. 8, 8a-deoxyoleandolide, w-hich is synthesized from an acetate primer unit by DEBS, arises from an analogous substrate carrying such an (WI)-hydroxyl function [26] .
Following incubation of TE with 7 and 8 for 15 h. reaction mixtures were extracted and product formation was analyzed using liquid-chromatography-mass spectrometr): (LC-MS). No cyclic product could be detected, however, as judged by mass spectrometric analysis of the extracts, as well as comparison of the retention times with a synthetic cyclic standard 15 (Figure 6 In certain naturally occurring PKSs, such as the PKS responsible for biosynthesis of picromycin (a 14-membered macrolide) and methymycin (a l&membered macrolide) in Streptonzyces wenezuelae, a single TE domain present the end of module 6 may catalyze the release of both the heptaketide chain from module 6 as well as the hexaketide chain from module 5 (R. McDaniel, Kosan Biosciences, personal communication).
Recently we made a similar observation during the course of in u&-o studies using truncated DEBS systems [27] . In particular, it was observed that when purified DEBSl and module 3 + TE were reconstituted, not only did they synthesize the expected tetraketide lactone 3 (Figure l ), but the triketide lactone 2 ( Figure  1 ) was produced as well. As DEBSl alone is unable to synthesize detectable quantities of 2 (see above), we investigated the mechanism of triketide lactone formation by the mixture of DEBSl and module 3 + TE. Specifically, we wished to discriminate between two alternative hypotheses: whether the TE domain of module 3 + TE might associate nonspecifically with DEBSl to catalyze triketide release, or upon specific noncovalent association of module 3 + TE with DEBSl, the TE domain could loop back to interact with DEBSl.
DEBSl
was titrated with increasing amounts of module 3 + TE, and the interaction between the two proteins was studied by monitoring the rates of synthesis of both polyketides 2 and 3 in the presence of saturating concentrations of [14C]-propionyl CoA, (Z-R/S) methylmalonyl CoA, and IXADPH.
At a fixed concentration of DEBSI. increasing the concentration of module 3 + TE resulted in the saturation of the rate of tetraketide lactone synthesis (Figure 7) . The K, for association between DEBSl and module 3 + TE was estimated to be 2.6 pM by Scatchard plot analysis ( Figure  8 ). Although the rate of triketide lactone formation was relatively small compared with that for tetraketide lactone formation (Figure 7) , the maximum observed rate of triketide lactone synthesis by DEBSl and module 3 + TE was lo-fold higher than the maximum rate of 0.058 min-1 for release of the triketide from DEBSl catalyzed by recombinant TE alone. We therefore suggest that the TE domain has sufficient conformational flexibility so as to be able to catalyze chain release not only from terminal modules but also from certain preterminal modules of multimodular PKSs (the second hypothesis above for a generous gift of (2R/S, 13s)2-methyl-3-oxo-tetradecanolide.
